Serine proteases play important roles in numerous physiological and pathophysiological processes. Moreover, serine proteases are classical subjects for studies of catalytic and inhibitory mechanisms of enzymes. Here, we determined the crystal structures of a serine protease, murine plasma kallikrein (mPK), and its complex with a peptidic inhibitor. Although mPK in the complex adopts a canonical protease structure, the apo-mPK exhibits a previously unobserved structural feature: the entrance of the intact S1 pocket is blocked by Glu217. In addition, molecular dynamics simulations and functional assays support the flexibility of Glu217 and suggest that this flexibility plays a role in regulating the activity of serine proteases. 
where the active site is within the hydrophobic core of the membrane and water is not readily available. A channel was identified that has an opening toward the extracellular side and allows the catalytic residue to access water [9, 10] . Furthermore, it is highly debated whether the molecular nature of the interaction between His57 and Asp102 is critical for the stabilization of the transition state in the acylation reaction. A recent study showed that the interaction of His57 with Asp102 was just a normal ionic hydrogen bond, but not a short and strong hydrogen bond as previously hypothesized [11] [12] [13] .
In this work, we report a new discovery found during our study of crystal structures of a serine protease, murine plasma kallikrein (mPK), and its complex with a peptidic inhibitor that we developed. Based on structural comparison, we found a previously unrecognized structural feature: a residue (Glu217) located at the entry of the S1 pocket has two very different conformations, which affects the S1 pocket and the accessibility for substrate binding. In one of the conformations, Glu217 points toward the S1 pocket, directly in contact with a catalytic residue (Ser195), and covers up the S1 pocket but does not cause the S1 pocket to collapse, which was reported in several previous studies [14] . Molecular dynamics (MD) simulations of mPK further demonstrated the flexibility of Glu217, supporting the observation in the X-ray structure. In the S1 pocketbinding assays, mPK demonstrated lower binding to the S1 pocket probe (PAB) than to another protease (tPA) which has a leucine at residue 217, suggesting residue Glu217 plays a key role in regulating the activity of serine proteases. The results of this study are a valuable addition to current knowledge on proteases.
Materials and methods

Materials
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) or Sinopharm Chemical Reagent (Shanghai, China). Peptide mupain-1-16 (CPAYS(L-3-(Namidino-4-piperidyl)alanine)YLDC) was synthesized and prepared as previously reported [15] .
Methods
Expression and purification of recombinant mPK
The plasmids containing wild-type or mutated mPK were transfected into Pichia pastoris yeast strain, X-33. Expression of mPK was induced by methanol. Purification of recombinant mPK variants was described previously [16] . Briefly, mPK was secreted from a stably transfected P. pastoris strain (X-33) after induction with methanol several days. Murine PK products was obtained after cation exchange chromatography (SP Sepharose Fast Flow from GE) followed by gel filtration chromatography using a Superdex 75 HR 10/300 column (GE) equilibrated with 20 mM Tris-HCl (pH 7.4) containing 150 mM NaCl. The purity of the recombinant mPK was certified by SDS/PAGE. Murine PK was concentrated to 8.8 mgÁmL À1 using stirred ultrafiltration cells (Millipore and Amicon Bioseparations, Model-5124) in the buffer of 20 mM Tris-HCl pH 7.4, 150 mM NaCl.
Crystallization and X-ray diffraction data collection of apo-mPK and mPK in complex with the peptide inhibitor mupain-1-16
The crystallization trials were carried out using the sitting drop vapor diffusion method. The crystals of mPK were obtained by equilibrating against a reservoir solution containing 25% poly(ethylene glycol) 3350, 0.1 M Tris-HCl pH8.5, 0.1 M NaCl at room temperature. The crystals, which appeared after approximately 2 days, were soaked for 72 h in crystallization mother liquor containing 1 mM mupain-1-16. X-ray datasets of the crystals were collected at a wavelength of 0.979 A on the beam line BL17U at the Shanghai Synchrotron Radiation Facility. The data were processed and scaled using the HKL2000 program package [17] .
The crystal structures of apo-mPK and mPK-mupain-1-16 complex were solved by molecular replacement with MORLEP package [18] using a human plasma kallikrein structure (PDB code 2ANY) [19] as a search model. Both crystals belonged to the P2 1 2 1 2 1 space group with two mPK molecules in the crystallographic asymmetric unit. The models were further refined with REFMAC [20] . All interconnecting loops and the active site region were rebuilt using iterative cycles of model building in COOT [21] and refinement in PHENIX [22, 23] . The F o -F c electron density maps calculated using the positioned molecular replacement model clearly demonstrated F o -F c -positive density at the binding site and the ligand was then built into the maps. The models were then manually adjusted by COOT [21] and refined by REFMAC. Furthermore, both crystal structures were validated using MolProbity within the PHENIX suite [22, 23] . Statistics from the data collection and the final model refinement for both of these structures are summarized in Table 1 . The structural figures were generated with the PYMOL software [24] .
Molecular dynamics simulation
The crystal structure of the closed state mPK was inserted into a water box with edge lengths of 73, 64, and 66
A. The protonation states of residues were assigned according to the corresponding pK a values calculated by using the H++ webserver [25] . Two Cl À ions were added to counterbalance the charge of the protein. The system contained 30 795 atoms. It underwent MD simulations with AMBER ff99SB-ILDN force field [26] [27] [28] using the GRO-MACS 4.6.5 code [29] . The Aqvist potential [30] and TIP3P model [31] were used for the ions and for the water molecules, respectively. All bond lengths were constrained by LINCS algorithm [32] . Periodic boundary conditions were applied. Electrostatic interactions were calculated using the Particle Mesh-Ewald method [33] , and van der Waals and Coulomb interactions were truncated at 10 A. The system underwent 1000 steps of steepest-descent energy minimization with 1000 kJÁmol À1 Á A À2 harmonic position restraints on the protein, followed by 2500 steps of steepest descent and 2500 steps of conjugate-gradient minimization without restraints. The system was then gradually heated from 0 K up to 298 K in 20 steps of 2 ns. After that, 50-ns-long productive MD simulations were carried out in the NPT ensemble. The most representative structure was identified by the cluster analysis [29] over the equilibrated trajectories, ranging from 20 ns to 50 ns. To assess the convergence of the simulated trajectory we considered their projections on the top essential dynamical spaces obtained from a standard covariance analysis. Following Hess's criterion [34] , these projections were next compared with those expected for a random reference. The observed negligible overlap (i.e., cosine content close to 0, see Table S2 ) confirms a posteriori adequate sampling of mPK conformations around the equilibrium position in the last 30 ns. Hydrogen bond interactions were defined to be present if the atomic distance between the acceptor and donor atoms is below 3.5 A and the angle among the hydrogen donoracceptor atoms is below 30°. Hydrophobic interactions were defined to be present if the center-of-mass distance between side chains are smaller than 4.5
A [35] .
Binding assay of PAB to mPK and tPA p-Aminobenzamidine (PAB) is a universal fluorescent probe for trypsin-type serine proteases [36] . The PAB-binding affinities of mPK and tPA were determined based on the enhancement of PAB fluorescence upon binding to the active sites of mPK and tPA. Fluorescence emission spectra were recorded at 25°C on Synergy 4 multimode microplate reader and in a buffer of 30 mM Hepes, pH 7.4, 0.135 M NaCl, and 0.1% polyethylene glycol 8000 [37] . Equilibrium binding reactions were performed over a range of PAB concentrations (4.4-140 lM) in the presence of 1.5 lM mPK and 1.5 lM tPA, respectively. The excitation wavelength was at 335 nm, and the emission wavelength was scanned from 365 to 400 nm. Emission spectra were collected with a 1.0-nm step resolution.
Results
The S1 pocket of apo-mPK was blocked by Glu217
The structure of recombinant apo-mPK was determined with a resolution of 2.6 A. There were two apomPK molecules in the asymmetric unit of the crystal. We identified a previously unobserved structural feature in the active sites compared to the typical canonical protease structure: the S1 pocket is sealed off at the top and appears inaccessible for substrates or inhibitors. The obstruction of the S1 pocket was due to the occupation of its opening by the side chain of Glu217 (Fig. 1A) . Such conformation of Glu217 was well supported by convincing electron density (Fig. 1B) . In addition, there is no interaction between the segment of Trp215-Gly219 and the closest molecule in the asymmetrical unit, indicating that the side chain of Glu217 in the unusual conformation of apomPK was not influenced by crystal packing (Fig. S1) .
The side chain of Glu217 formed two hydrogen bonds with the side chain of Ser195 and the main chain of Gly216 in this closed conformation (Fig. 1C) . Additionally, the side chain of Lys192 formed one hydrogen bond with the main chain of Gly219. These interactions account for the stability of the closed conformation of the S1 pocket. In order to identify the flexibility of Glu217, we also determined the structure of mPK in complex with a peptidic inhibitor, mupain-1-16 (CPAYS(L-3-(N-amidino-4-piperidyl)alanine)YLDC), and found that the S1 pocket was occupied by the peptidic inhibitor ( Fig. 2A) . In the complex structure, Glu217 is exposed to the solvent, resulting in the open conformation of the S1 pocket (Fig. 2B) . The side chain of Glu217 flipped about 180°in the complex structure compared to that in the apo-mPK structure. In addition, the C a atom of Glu217 moves back by 4.8 A with respect to the one in the closed conformation (Fig. 2C) . The distance between Ser195 and Glu217 in the open conformation (13.0 A) is much longer than that in the closed state (8.7 A). Moreover, this movement contributes to the change in volume of the S1 pocket. In the open state, the volume of the S1 pocket is 148 A 3 calculated by POCASA [38] , however, it is undetectable in the same place when mPK stays in the closed state ( Fig. S2 and Table S1 ).
Molecular dynamics (MD) simulations showed that the Glu217 is highly flexible
The observation of the closed S1 pocket by residue 217 has never been reported in any other previously determined structures of serine proteases. In order to confirm this observation, we carried out 50-ns-long MD simulation of the apo-mPK in aqueous solution. Stability, sampling, and convergence of the MD simulations were first established by calculating the backbone RMSD (Fig. 3A) . Hess analysis (Table S2) and RMSD both confirmed the adequate sampling of apo-mPK conformations around the equilibrium position in the 50 ns of the MD simulations.
The alignment of the snapshots obtained from MD (one per 100 ps) illustrated that Glu217 was highly flexible (Fig. 3B) . We further performed analysis on the distribution of the distances across the S1 pocket opening (between the side chains of Glu217 and Lys192) in MD simulations. Interestingly, the multiple peak fitting with Gaussian models showed the presence of two peaks centered at 3.3 and 9.0 A, corresponding to the closed and open conformations, respectively (Fig. 3C) . Thus, the closed S1 conformation of apo-mPK was recapitulated qualitatively by this simulation.
Based on the multiple peak analysis, the most representative conformations of the two states across MD simulations were derived and shown in Fig. 4A , B. The most prominent structural difference between the two states was the interaction patterns of Glu217 with neighboring residues. In the open conformation, the side chain of Glu217 formed a hydrogen bond with the hydroxyl group of Tyr172. Besides that, Glu217 also formed a hydrogen bond with the side chain of Glu224 (Fig. 4A) . Nonetheless, these two hydrogen bonds were not observed in the closed conformation, in which Glu217 instead formed a weak salt bridge with Lys192 (Fig. 4B) . This observation was due to the flipping of Glu217, which affected the interaction patterns of the enzyme and induced the movement of the backbone of Glu217, as observed in the crystal structures.
According to the most representative structure of the closed conformation obtained from MD, the interaction of Ser195 with His57 was disrupted: hydrogen bonds were observed between of His57 and Asp102, Fig. 1 . The S1 pocket of mPK was closed off by Glu217. (A) Glu217 blocks the access to the S1 pocket. (B) The conformation of Glu217 is well defined by electron density. (C) Interaction of Glu217 with surrounding residues. Glu217 formed a hydrogen bond with the hydroxyl group of Ser195 and the main chain of Gly216, the side chain of Lys192 formed one hydrogen bond with the main chain of Gly219.
but the hydrogen bonds typically observed between the hydroxyl group of Ser195 and His57 were lost in the closed conformation; the hydroxyl group of Ser214 did not bind to Asp102 (Fig. 4A) . However, in the most representative open conformation of mPK, the catalytic triad was preserved (Fig. 4B) . This is consistent with the typical structures of serine proteases where hydrogen bonds were existed throughout the catalytic cycle in transition state analog complexes [39] . This result indicates that the inward flipping of Glu217 might partially disrupt the stability of the catalytic triad machinery (Asp102/His57/Ser195).
Residue 217 in serine proteases plays a key role in keeping integrity of the S1 pocket In order to identify whether residue 217 influences the activity of serine proteases, we used PAB, a widely used fluorescent probe for the S1 pocket of serine proteases. PAB has a fluorescence signal at 365-400 nm when excited at 335 nm and the fluorescence signal greatly increases when PAB binds to the active site of trypsin-like proteases, forming a salt bridge with the trypsin-like serine protease residue Asp189 [36] . In this assay, we also used another serine protease tissue-type plasminogen activator (tPA) as a control. tPA has a leucine residue at position 217, but otherwise its S1 pocket is identical to mPK.
We observed that PAB fluorescence is much higher in the presence of tPA than mPK (1.5 lM, Fig. 5A ), indicating that PAB binds stronger to tPA than to mPK. The measurements of emission maxima of PAB fluorescence were also consistent with this conclusion. PAB binding to tPA led to the shift in emission maximum from 377 nm to 382 nm, while mPK did not cause any change in PAB emission maximum. Furthermore, the weaker binding of mPK, compared to tPA, persisted in a range of concentrations (4.4-140 lM, Fig. 5B ).
The observed different affinities of mPK and tPA bound to PAB are most likely attributed to their difference in residue 217. Indeed, the only difference between mPK and tPA around the S1 pocket is the residue 217. A previous structural study of tPA in complex with benzamidine, an analog of PAB, demonstrated that the Leu217 points outward away from the S1 pocket and does not form direct interaction with benzamidine [40] . Thus, the current experiment likely supports the observation that a population of mPK is in a S1 closed-off state, which hinders the accessibility of the S1 pocket of mPK.
Discussion
Structural origin of flexibility of Glu217
Both our crystal structures and MD studies demonstrated that the conformation of Glu217 in mPK is highly flexible in both its main and side chains. This may be mainly due to the presence of the neighboring glycine residues. Glycine is unique among all amino acids for high flexibility in its main chain conformation [41] , which reduces the constraints to its adjacent residues and allows the multiple conformational states. It should be pointed out that the adjacent residues of Glu217 (Gly216 and Gly219) are highly conserved in different serine proteases (Fig. S3) , suggesting that the flexibility of residue 217 is likely a general feature of serine proteases.
The current observed flexibility of Glu217 is different from the previous observed report on the structure of thrombin Y225P mutant, where a movement of the 215-217 segments was observed to occupy the S1 pocket, leading to S1 pocket collapse and forming the inactive state of the protease [14] . The movement of the 215-217 segments was driven by the lost interaction between W215 and Y225 because of the Y225P mutation. Here, in apo-mPK, only Glu217 was shown to be flexible to cover the entrance of the S1 pocket, while conformation of Trp215 did not change and the S1 pocket did not collapse (Fig. 6, Fig. S4 ).
Unique feature of the glutamate at residue 217 of serine protease
The functional consequence of residue 215-217 has been previously recognized [42] . However, the current structure represents the first observation of the closed S1 pocket covered by residue 217, despite the long history of structural studies on serine proteases. There are a number of reasons why this has not been observed before. Firstly, the closed conformation of the S1 pocket of the serine proteases may not be highly populated compared to the open conformation, and thus not captured in previous studies. Moreover, a number of factors can affect the dynamics of closed and open conformation. The presence of substrates or inhibitors will push the conformational equilibrium of the S1 pocket from the closed conformation to the open conformation, as observed in our structure of mPK: mupain-1-16 complex. Secondly, a glutamate at residue 217 represents a special case among many serine proteases to stabilize the closed S1 pocket. Especially, residues 217 in serine proteases are not conserved, and can be a glutamate, aspartate, leucine, or arginine (Fig. S3) . We observed that the glutamate at mPK 217 position has a proper length of the side chain to form a hydrogen bond with Ser195 in the closed conformation. The side chain of aspartate appears to be too short to form a hydrogen bond with Ser195. The side chain of arginine seems to be too long and may collide with Ser195. The side chain of leucine is hydrophobic, and cannot form a hydrogen bond with the hydrophilic Ser195.
Effects of Glu217 dynamics on substrate specificity and catalytic activity of serine proteases
Previous studies all showed that the residue 217 points outward away from the S1 pocket and that it is part of the S3-and S4-specific pocket of serine proteases, playing an important role in the recognition of antibody in the S3 pocket [43, 44] . Now that residue 217 is observed to be much more flexible than previously recognized, it is likely that the nature of residue 217 may affect protease substrate specificity. A previous study on E217A mutant of thrombin showed altered specificity compared to wild-type thrombin: 40-fold reduced activity toward fibrinogen and compromised protein C activation by twofold [45] ; Similarly, the E217K mutant of thrombin also showed altered specificity compared to wild-type thrombin: a 270-fold reduction in the efficiency of fibrinogen activation and twofold reduction in efficiency of protein C activation [46] . These two mutations on Glu217 lead to a modest, but not significant, anticoagulant effect in vivo in contrast to the typical procoagulant function of wild-type thrombin. ) conformation, and mPK in closed conformation (green). In the active conformation of thrombin, the active site of S1 pocket remains intact and is accessible to the substrate, the side chain of Glu217 flips outside the S1 pocket. However, in the inactive conformation, the side chain of Trp215 and the entire 215-217 segment collapse into the active site (red arrow). Although, in the closed conformation of mPK, the side chain of Glu217 flips into the S1 pocket (black arrow), the side chain only covers the entrance of the S1 pocket, which remains intact.
Besides the specificity of proteases, the mobility of Glu217 may also affect the catalytic activity. In the closed form mPK, the geometry required for catalysis is perturbed: Ser195 formed a hydrogen bond with Glu217, which may need to be removed for catalysis. Our MD simulations also demonstrated that the hydrogen bonding network among the catalytic triad residues might be disrupted. Thus, the closed form of mPK is likely to have lower catalytic activity.
Accession numbers
Coordinate and structure factor of mPK-mupain-1-16 has been deposited in the Protein Data Bank with accession number 6A8O, and 5GVT for mPK had been available in the PDB website. 
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